Abstract: This review discusses the present knowledge on the oxygen uptake kinetics at the onset of exercise in skeletal muscle and the contribution of a previously developed computer model of oxidative phosphorylation in intact skeletal muscle to the understanding of the factors determining this kinetics on the biochemical level. It has been demonstrated recently that an increase in the total creatine pool [PCr + Cr] and in glycolytic ATP supply lengthen the half-transition time of the O 2 on-kinetics, while an increase in mitochondria content, in parallel activation of ATP supply and ATP usage, in muscle oxygen concentration, in proton leak, in resting energy demand, in resting cytosolic pH, and in initial alkalization diminish this parameter. It has also been shown that the half-transition time is near-linearly proportional to the absolute difference between the phosphocreatine concentration during work and at rest (ΔPCr). The present review discusses whether the O 2 on-kinetics on the muscle level is strictly or only approximately exponential. Finally, it is postulated that a short transition time of the O 2 on-kinetics in itself does not need be profitable for the skeletal muscle functioning during exercise, but usually a short transition time is correlated with factors that improve exercise capacity. The transition time is a phenomenological parameter resulting from the biochemical properties of the system and not a physical factor that can cause anything in the system.
An increase in the power output generated by skeletal muscle requires a rapid adjustment of ATP production in order to meet elevated energy demand. The rate of ATP usage can rise many times (even more than 100) during rest-to-work transition. The rate of ATP consumption must be matched by the rate of ATP production to avoid significant changes in [ATP] (ATP concentration is essentially constant during rest-to-work transition). The transformation of phosphocreatine (PCr) to creatine (Cr) catalyzed by creatine kinase is the main process that resynthesizes ATP from ADP during the first seconds of exercise. Next, the ATP production by anaerobic glycolysis is activated. At low and moderate exercise intensities, anaerobic glycolysis is essentially switched off after several (tens of) seconds, and the ATP synthesis is then gradually taken over by oxidative phosphorylation in mitochondria, while at high exercise intensities the anaerobic glycolysis remains a significant ATP supplier until the termination of exercise (for review, see [1] [2] [3] ).
Krogh and Lindhard [4] first showed that during the transition from rest to work in humans, the pulmonary oxygen uptake does not rise instantly, but there is a certain transient state during which the oxygen uptake rate ( O 2 ) rises at the onset of exercise. Since then, numerous studies on O 2 on-kinetics have been performed. Nevertheless, the biochemical and physiological mechanisms responsible for the oxygen uptake kinetics at the onset of exercise are still not fully understood (for review, see [5] [6] [7] ).
The oxygen uptake on-kinetics can be approximately described by the exponential function (see [8, 9] ). It has been postulated that this general exponential form of the O 2 on-kinetics results from the control of oxidative phosphorylation during muscle contraction by high-energy phosphates [10] [11] [12] . However, this explanation was not quite mechanistic because oxidative phosphorylation was treated in these studies as a black box. The most frequently used parameters for describing the rate of oxygen uptake at the onset of exercise are the time constant (τ, i.e., time to [1 -1/e] × 100% = 63% of the final response) or half-time response (t 1/2 , i.e., time to 50% of the final response) (see [13] ). Recently, three phases in the pulmonary O 2 kinetics during the rest-to-work transition were identified and quantified: phase one was called the cardiodynamic component, phase two the primary component, and phase three the slow component (see [14, 15] ). Phases one and two are present at low and moderate exercise intensities (below the lactate threshold). At high power outputs (above the lactate threshold), the slow component of O 2 kinetics is also present (see [16] ). Typical values of the parameter called τ 1 , characterizing the primary pul-
monary O 2 on-kinetics, varies from 20 to 60 s in healthy men (see [17] ). The shortest values of τ 1 amounting even below 10 s have been reported in well-trained individuals [18, 19] , whereas in patients suffering, for example, from cardiopulmonary insufficiency, the value of τ 1 may often exceed 70 s [20, 21] .
It is generally accepted that the value of τ 1 is reversely related to the physical capacity of men (expressed by the maximal pulmonary oxygen uptake O 2 max ), although the relationship between O 2 max and τ 1 is not statistically significant [17] . It is unclear what the physiological significance is of τ 1 for muscle functioning, for example, for power-generating capability or for fatigue resistance.
For a long time it was debated whether oxygen delivery to the working muscle limits the rate of O 2 transition at the onset of exercise (for review, see [5] ). It was shown that the time course of the primary component of the pulmonary O 2 kinetics well reflects the primary component of the O 2 on-kinetics in the working locomotory human muscles [22] . Nevertheless, it still remains an open problem whether the O 2 kinetics at the mitochondrial level is well matched by the oxygen consumption kinetics at the muscle level. Recently important evidence has been provided showing that under physiological conditions the local factors in the working muscle cells, called metabolic inertia (see [5, 23, 24] ), and not the oxygen transport determine the kinetics of oxygen uptake at the onset of exercise, especially at low or moderate exercise intensities (see [7, [25] [26] [27] ). At high-power output exercise, however, enhanced oxygen delivery to the working muscle may accelerate the O 2 on-kinetics, indicating that under these conditions the oxygen transport by blood may be limiting for the oxygen consumption rate in muscle (for review, see [5] [6] [7] ). This is supported by studies showing that oxygen delivery to the muscle is a limiting factor for the maximal oxygen uptake in humans (see [28] [29] [30] ).
The available experimental data indicate that the significance of the metabolic inertia and O 2 transport inertia for oxygen uptake kinetics at the onset of exercise depends on the exercise intensity. The interaction between oxygen delivery and mitochondrial respiration is reviewed by Wilson [31] . According to Tschakovsky and Hughson [5] , it is very likely that the adaptation of muscle aerobic metabolism at the onset of exercise is determined in many conditions by an interaction between metabolic inertia and O 2 transport inertia.
The primary component of the O 2 kinetics at the onset of exercise can be substantially shortened by physical training [32] [33] [34] [35] . However, the experimental studies have not supplied a satisfactory explanation of this training-induced acceleration of the oxygen uptake kinetics.
It has been shown that the O 2 on-kinetics can be also acutely affected by various physiological interventions. For example, an exercise performed in an upright position is accompanied by a shorter τ 1 than one in a supine position [36] . This effect is due to an increased muscle blood flow and oxygen delivery to the working muscle. Moreover, a heavy prior-exercise performed before the principal exercise causes a significant shortening of τ 1 during high-power output cycling [37] [38] [39] . The postulated explanation of this effect involved a prior exercise-induced decrease in muscle pH and greater oxygen delivery at the onset of the principal exercise. It has also been shown that during high-power output exercise, breathing with hyperoxic gas was accompanied by a significant acceleration of the O 2 kinetics [40] .
The O 2 on-kinetics can be also acutely affected by pharmacological interventions. An administration of β-adrenergic blockade slows down the O 2 on-kinetics in humans [41] , whereas an administration of L-NAME, causing an inhibition of nitric oxide synthase, significantly accelerates the O 2 on-kinetics in a thoroughbred horse [42] , as well as in humans [43, 44] . The authors concluded that the intrinsic inertia of oxidative metabolism at the onset of heavy-intensity exercise may result from an inhibition of mitochondrial respiration by nitric oxide. A similar effect (acceleration of O 2 on-kinetics) has been recently reported after a preexercise administration of NaHCO 3 during high-power output cycling in humans [19] .
The discussed findings indicate that the rate of oxygen uptake at the onset of exercise may be affected by the interventions contributing to oxygen delivery to the working muscles (especially at high-power output exercise) [37, 38, 40] and the factors affecting the rate of muscle metabolism [41] [42] [43] [44] 16] .
Despite these extensive experimental studies the progress in the understanding of the biochemical background of the O 2 on-kinetics is still too slow to satisfactorily explain the relevant phenomena.
As mentioned above, the short values of τ 1 are normally associated with a high physical capacity of the studied subjects, and therefore one may expect that any intervention resulting in an acute shortening of τ 1 would be beneficial for an improvement of exercise capacity.
In the present paper, potential biochemical mechanisms determining the primary component of O 2 kinetics at the onset exercise are discussed. It is suggested that a short transition time of the O 2 on-kinetics does not need to be beneficial in itself, but in some cases it accompanies the kinetic properties of the system that are beneficial for the exercise capacity. t 1/2 is an emergent parameter resulting from the biochemical properties of the system and therefore cannot exert any physical effect on any component of the system. This is because the value of t 1/2 results from the combination of such biochemical factors as the amount of mitochondria, intensity of the parallel activation of ATP production and ATP usage or total creatine pool [PCr + Cr]. Therefore just these factors and not t 1/2 may have some direct influence on the system.
We developed a model of oxidative phosphorylation in intact skeletal muscle [47] , based on the earlier model of oxidative phosphorylation in isolated mitochondria [45, 46] . Its general structure is based on the chemiosmotic theory of oxidative ATP synthesis formulated by Mitchell [48] , due to which the proton gradient across the inner mitochondrial membrane is the key intermediate coupling the electron transport through the respiratory chain with the ATP synthesis by ATP synthase. The following enzymes/processes/metabolic blocks are taken into account explicitly within the model: substrate dehydrogenation (hydrogen supply to the respiratory chain, including TCA cycle, glycolysis, glycogenolysis, glucose transport, fatty acid β-oxidation, and fatty acid transport), complex I, complex III, complex IV (cytochrome c oxidase), proton leak, ATP synthase, ATP/ADP carrier, phosphate carrier, adenylate kinase, creatine kinase, ATP usage (basal ATP consumption, actomyosin-ATPase, Ca 2+ -ATPase). The dependences of the rates of particular reactions/processes/ metabolic blocks on different metabolite concentrations are described by appropriate kinetic equations. The time variations of the metabolite concentrations that constitute independent variables (NADH, ubiquinol, reduced form of cytochrome c, O 2 , internal protons, internal ATP, internal P i , external ATP, external ADP, external P i , external protons, and PCr) are expressed in the form of a set of ordinary differential equations. The other (dependent) variable values (other metabolite concentrations and thermodynamic forces) are calculated from the independent variable values. The set of differential equations is integrated numerically. In each iteration step, new values of rates, concentrations, and other parameters are calculated on the basis of corresponding values from the previous step. The Gear procedure was used for numerical integration, and the simulation programs were written in FOR-TRAN programming language. The complete description of the model is located on the Web site http:// awe.mol.uj.edu.pl/~benio/.
The computer model being discussed has been extensively tested for a very broad set of different properties of the oxidative phosphorylation system [47] [48] [49] [50] [51] [52] [53] . The verification of the model concerns oxidative phosphorylation in isolated mitochondria, isolated hepatocytes, intact skeletal muscle, and intact heart. The correctly predicted system properties comprise, among others, (i) the values of fluxes (oxygen consumption, ATP turnover) and concentrations of metabolites (ADP, ATP, P i , PCr, Cr, NADH/ NAD + , reduction level of cytochrome c, reduction level of cytochrome a 3 , Δp -proton motive force, O 2 ) in different steady-states imposed by various energy demands and muscle oxygen concentrations; (ii) changes over time of fluxes and metabolite concentrations during transitions between different steady-states (rest-to-work transition, aerobiosis-to-anaerobiosis transition); (iii) the values of the flux control coefficients (defined within Metabolic Control Analysis), quantifying the control of particular enzymes/processes/metabolic blocks over the oxygen consumption flux in different steady-states; (iv) the dependence of the respiration rate on the activities/concentrations of different enzymes, obtained by the titration of particular oxidative phosphorylation complexes with specific inhibitors.
Only a computer model that is very well tested by comparison with a possibly broad set of different parameter values and system properties encountered in experimental studies may be used for reliable theoretical studies on the modeled metabolic system and for predicting the kinetic behavior of this system.
The model being discussed does not take into account possible significant limitations for ADP diffusion and/or displacement of creatine kinase from thermodynamic equilibrium because, in our opinion, the evidence suggesting the existence of these phenomena is insufficient. Furthermore, all the analyzed kinetic properties of the system can be well reproduced without involving them, as discussed below. In fact, a low creatine kinase activity and/or Some other models of oxidative phosphorylation in skeletal muscle have been proposed. The model developed by Meyer [55] , involving a simple linear dependence of ATP production by oxidative phosphorylation on [Cr], represents the output-activation mechanism and therefore is applicable only to perfused glycolytic muscle stimulated electrically (see [50] and below). Furthermore, the linear phenomenological dependence on [Cr] can be derived from the more mechanistic near-hyperbolic dependence of oxidative phosphorylation on [ADP] [56, 47] . The model developed by Connett and co-workers [57, 58] [Cr] to each other at different energy demands via the creatine kinase and adenylate kinase equilibrium) and implicitly assumes the output-activation mechanism (see below). Both models treat oxidative phosphorylation as a black box and therefore do not allow an analysis of the internal properties of the system. They ignore the proton leak through the inner mitochondrial membrane and therefore do not distinguish between the oxygen consumption flux and the ATP turnover flux. For all these reasons they can be used for only a very limited set of theoretical studies. more than 100 times. To avoid a quick exhaustion of ATP, the rate of ATP production must be quickly adjusted to the current energy demand. There are three processes that supply ATP in skeletal muscle. The creatine kinase-catalysed reaction transiently produces ATP after the onset of exercise, while anaerobic glycolysis plays an important role in ATP production during very intensive short-term exercise. However, the main process synthesizing ATP in most muscles under most conditions is oxidative phosphorylation in mitochondria.
It was originally proposed by Chance and Williams, on the basis of their studies of the isolated mitochondria system, that ADP, one of the products of ATP hydrolysis, is the main factor that activates oxidative phosphorylation [59] . Due to this mechanism, which we call the output-activation mechanism, only ATP usage (output of the system) is directly activated by calcium ions, while oxidative phosphorylation is activated only indirectly by an increase The discovery of the activation by calcium ions of the three "key" (flux-controlling) TCA (tricarboxic acid) cycle dehydrogenases (pyruvate dehydrogenase, isocitrate dehydrogenase, 2-oxoglutarate dehydrogenase) prompted several authors to postulate that not only ATP usage, but also substrate dehydrogenation (NADH supply, input of the system) is directly activated during rest-to-work transition [61, 62] . However, due to this input/output activation mechanism, oxidative phosphorylation is still activated only indirectly by an increase in [ADP] and NADH/ NAD + ratio. Generally speaking, the increase in flux through the oxidative phosphorylation system (oxygen consumption and ATP usage) during rest-to-work transition may be potentially caused by three (groups of) factors: (1) increase in [ADP] and [P i ] (decrease in the phosphorylation potential), (2) increase in the NADH/NAD + ratio, and/or (3) direct activation of (particular complexes of) oxidative phosphorylation by some cytosolic factor related to muscle contraction. The increase in the flux brought about by changes in intermediate metabolite concentrations (factors 1 and 2) is a derivative of two quantitative parameters: (i) physiological changes in metabolite concentrations during rest-to-work transition, and (ii) sensitivity of the oxidative phosphorylation system to particular metabolite concentrations (quantified within Metabolic Control Analysis by the so-called elasticity coefficients, see [64] ). Computer simulations carried out using the dynamic model of oxidative phosphorylation that involves, among oth- extracted from experimental data demonstrate that the physiological changes in these metabolite concentrations are decidedly insufficient to account for the increase in oxygen consumption and ATP turnover during rest-to-work transition in skeletal muscle. Therefore, the only possibility left is that some external cytosolic factor/mechanism (factor 3) must be involved in the activation of oxidative phosphorylation during muscle contraction [46] . The quantitative analysis of the kinetic properties of the bioenergetic system in intact skeletal muscle performed with the aid of the discussed kinetic model of oxidative phosphorylation strongly suggests that not only ATP usage and substrate dehydrogenation, but also all oxidative phosphorylation complexes (complex I, complex III, complex IV, ATP synthase, ATP/ADP carrier, and phosphate carrier) are directly activated by some cytosolic factor(s) X during muscle contraction [46, 63, 50] . This mechanism has been named the parallel-activation mechanism or each-step-activation mechanism. As discussed elsewhere [63, 49] , this hypothetical factor/ mechanism is very likely to involve calcium ions, protein phosphorylation/dephosphorylation, and hormone action. Below, we briefly discuss the kinetic properties of oxidative phosphorylation in intact skeletal muscle that can be explained by the each-step-activation mechanism. No other mechanism is able to account for all or even most of these properties. Therefore the each-step-activation mechanism has become an integral part of the computer model of oxidative phosphorylation discussed in the present paper. Within this model, the direct activation of particular oxidative phosphorylation complexes during muscle contraction is equivalent to an increase in the rate constants of these complexes (although a similar effect could be achieved via a decrease in appropriate K m values, as in the activation of three TCA cycle dehydrogenases by calcium ions).
As it will be discussed in the next paragraphs, the eachstep-activation mechanism is quite likely to play a very important role in determining the O 2 on-kinetics in skeletal muscle. Fig. 3 in [51] ), can be easily explained by the each-step activation (direct activation of all oxidative phosphorylation complexes) that takes place in intact muscle cells, but not in the isolated mitochondria system [63] . This is presented in Fig. 1 (right panel) . The left panel in Fig. 1 demonstrates that the steep phenomenological O 2 -[ADP] relationship can also be explained by the high-sensitivity mechanism. However, this mechanism can not account for the differences between the kinetic properties of oxidative phosphorylation in isolated mitochondria and in intact skeletal muscle discussed above and for many other properties of the system discussed below.
In intact mammalian heart in vivo, an at-least fivefold increase in work intensity and O 2 is accompanied by essentially no changes in [ [65, 66] . Further, the transition of O 2 and metabolite concentrations between low work and high work seems to be very fast in heart [67] . These experimental data can be explained by a direct parallel activation to the same extent of ATP usage, substrate dehydrogenation, and all oxidative phosphorylation complexes ( [53] , unpublished computer simulations).
High maximal O 2 in skeletal muscle. Tonkonogi and Sahlin [68] drew attention to the maximal O 2 in skeletal muscle (scaled for the amount/volume of mitochondria) being 2-4 times greater than in isolated mitochondria, skinned fibers, and muscle homogenates (compare Fig. 3  in [51] ). Again, a simple explanation of this is the direct activation of oxidative phosphorylation during muscle work that increases the capacity of this process for ATP synthesis [63] .
Near-exponential O 2 on-kinetics. The each-step-activation mechanism predicts a near-exponential increase in O 2 over time at the onset of exercise [54] , what remains in good agreement with experimental studies (see above). The computer model of oxidative phosphorylation allows us to derive this macroscopic property of the system ob- 
served on the physiological level from the microscopic properties of its elements (enzyme kinetics and metabolite concentrations) on the molecular (biochemical) level. On the other hand, the high-sensitivity mechanism proposed by Jeneson and co-workers [60] predicts a sigmoidal O 2 on-kinetics [54] . The shapes of the O 2 on-kinetics predicted by the two discussed mechanisms are presented in Fig. 2 . Additionally, the discussed model was used to explain not only the primary component of the O 2 on-kinetics, but also the slow component of this kinetics [69] .
Transition time of O 2 after the onset of exercise. The computer model of oxidative phosphorylation involving the each-step-activation mechanism predicts the correct values of the transition time (t 1/2 or τ) of the O 2 on-kinetics in human skeletal muscle [54] , ranging from 20 s to 60 s in healthy individuals [17] . In the absence of the each-step activation, the transition time is much longer, equal to 70-90 s [50, 54] .
Training-induced adaptation of oxidative phosphorylation.
Physical training causes an acceleration of the pulmonary O 2 kinetics at the onset of moderate-intensity exercise [32] [33] [34] [35] and an increase in the ATP/ADP homeostasis (a smaller increase in [ADP] at a given increase in O 2 during rest-to-work transition) [70] [71] [72] . The shortening of the O 2 transition time may be potentially caused by at least two factors [52] : the training-induced increase in the amount of mitochondria encountered in experimental studies [73, 74] and the increase in the intensity of the each-step activation. However, only the latter phenomenon may account for the elevated ADP homeostasis ([ATP] is essentially constant in skeletal muscle under most conditions) [52] . Therefore the theoretical studies conducted by using the computer model of oxidative phosphorylation demonstrate that the training-induced adaptation of oxidative phosphorylation in skeletal muscle involves an increase in the amount of mitochondria and also in the intensity of the each-step activation.
O 2 per mg of mitochondrial protein at a given [ADP] in
trained muscle and hypothyroid muscle. It has been demonstrated in experimental studies [72] that the respiration rate scaled for the amount of mitochondrial protein is significantly higher at a given ADP concentration in trained muscle than in untrained muscle and also higher in control muscle than in hypothyroid muscle. This finding can be explained [50] by an increase in the each-step activation intensity induced by muscle training, as discussed above, and by a decrease of the each-step activation in hypothyroid muscle to a very low value, or even to zero.
Asymmetry in the PCr on-and off-kinetics. In many cases there exists an asymmetry between the PCr on-transient (rest-to-work transition) and off-transient (work-to-rest transition): [PCr] decreases more quickly after the onset of exercise than it increases after the termination of exercise. As a consequence, the half-transition time t 1/2 is shorter for PCr on-transient than for PCr off-transient [75, 76] . According to the each-step-activation mechanism, oxidative phosphorylation is more active during exercise because of the direct activation of particular oxidative phosphorylation complexes than during muscle recovery, when the direct activation is switched off. A direct consequence of this fact may be the discussed asymmetry between the PCr on-and off-kinetics [50] . However, it must be emphasized that the parallel-activation mechanism only allows for, but does not imply, the asymmetry. The behavior of the system in this aspect depends on the characteristic decay time of parallel activation during muscle recovery [77] . Namely, when the decay time equals about 100 s, the parallel activation is not switched off very quickly after the termination of exercise, and therefore the resyntesis of PCr occurs with a similar rate to the rate of PCr degradation after the onset of exercise [77] .
Variability of the kinetic properties of oxidative phosphorylation in different muscles and various experimental condi-
tions. The kinetic properties of oxidative phosphorylation vary significantly between different experimental studies preformed on different muscles in various experimental conditions (see [50] for discussion). In glycolytic skeletal muscle, perfused muscle, and electrically stimulated muscle, the following set of properties tends to be observed: The first set of properties is generated by the computer model of oxidative phosphorylation if a low or no eachstep activation is assumed; the second set is predicted when medium-or high-intensity each-step activation is involved [50] . Furthermore, different characteristic times of the decay during muscle recovery of the each-step activation are able to explain [50, 77] why the PCr overshoot [78] [79] [80] is present in some cases (when the decay time equals 300 s or more) and absent in others, and why symmetry (decay time = 100 s) or asymmetry (decay time = 0-30 s) can take place between on-and off-transient. Therefore the idea of each-step activation enables an explanation of the variability of the kinetic properties of oxidative phosphorylation in different muscles and various experimental conditions. It is worthwhile emphasizing that there seems to be no parallel activation only in electrically stimulated perfused glycolytic skeletal muscle. In neurally stimulated glycolytic muscle in vivo, the parallel activation may be significant, and therefore its slow decay explains the PCr recovery overshoot also in this type of muscle [77] .
Theoretical studies on the factors determining O 2 on-kinetics
Factors affecting O 2 on-kinetics. Subsequent theoretical studies performed, using the computer model of oxidative phosphorylation in intact skeletal muscle, demonstrated that the O 2 uptake kinetics at the onset of exercise is nearly exponential, in accordance with numerous experimental studies (see [17] for review), only if the reaction catalyzed by creatine kinase (CK) is quick and thus close to thermodynamic equilibrium [54] . If it is assumed, as suggested by some authors [81] , that CK works far from thermodynamic equilibrium, the model predicts a significant displacement of the O 2 on-kinetics from the exponential shape [54] , which contradicts experimental results. The simulated O 2 on-kinetics for highly active and lowly active creatine kinase is presented in Fig. 3 .
Computer simulations demonstrated that several physiologically relevant factors may modulate the half transition time t 1/2 of the O 2 on-transient without affecting the general near-exponential shape of the oxygen uptake kinetics at the onset of exercise [54, 82, 83] . It has been shown that this kinetics can be accelerated by the following factors: (1) an increase in the amount/activity of mitochondria/oxidative phosphorylation complexes-see Fig.  4 ; (2) increase in the intensity of the each-step activation (direct activation of all oxidative phosphorylation complexes by some cytosolic factor/mechanism related to muscle contraction)-see Fig. 5 ; (3) decrease in the total creatine pool [PCr + Cr] (a similar effect was predicted theoretically and demonstrated experimentally by Meyer [84] ); (4) increase in the muscle oxygen concentration; (5) increase in the intensity of proton leak through the inner mitochondrial membrane; (6) increase in the resting ATP consumption; (7) increase in the resting cytosolic pH; (8) increase in the initial alkalinization after the onset of exercise; (9) decrease in the ATP supply by anaerobic glycolysis at the onset of exercise. Quantitatively, the strongest effect on the half-transition time is potentially exerted by the intensity of the each-step activation. Physiological variations in mitochondria amount and total creatine pool may also influence t 1/2 for O 2 significantly. The remaining factors seem to have a relatively smaller contribution to the value of this parameter. Computer-aided studies revealed that at a given fixed exercise intensity (ATP usage during work) the main primary parameter on the biochemical level that determines t 1/2 for O 2 is the absolute (in mM) difference in the PCr (or Cr) concentration between rest and work ΔPCr (or ΔCr) [54] . The dependence between t 1/2 for O 2 and absolute ΔPCr is nearly linearly proportional and can be approximately described by the following equation:
where the proportionality coefficient a is equal to ln (1/2)/ v 0 ; v 0 (expressed in mM/min) stands for the initial rate of [PCr] decrease at the onset of exercise. The values of both v 0 and absolute ΔPCr depend on many factors, including the intensity of each-step activation and the rate of ATP usage, and therefore there is no simple or obvious relationship between t 1/2 and ATP usage during exercise, although computer simulations show that for reasonable parameter values, the values of t 1/2 for O 2 do not differ significantly between exercises with different work and ATP usage intensities. Therefore it must be strongly stressed that the close relationship between t 1/2 for O 2 and the absolute ΔPCr we postulated concerns only one given ATP usage (exercise intensity). Nevertheless, at some particular exercise intensity all the factors discussed in the previous paragraph exert their effect on the O 2 on-kinetics and on t 1/2 for O 2 , mostly by changing ΔPCr.
The described behavior of the system is not a direct derivative of the simple linear dependence of O 2 on [Cr] postulated by Meyer [55] and Mahler [10] . First, Due to this kinetics, when [Cr] increases, say, 5 times, O 2 should also increase 5 times, but in reality, a great increase in O 2 during rest-to-work transition is accompanied by only moderate changes in [Cr] and other metabolite concentrations [2, 60, 72] . Within our model, this effect is achieved by the parallel-activation mechanism we postulated, which is not taken into account within the linear models postulated by Meyer and Mahler. Second, the phe- [56, 47] ; creatine by itself does not activate oxidative phosphorylation in isolated mitochondria. Third, the simple linear models do not involve proton leak, dependence on oxygen concentrations, pH, alternative ATP supply by anaerobic glycolysis, or other factors. On the other hand, the model developed by Meyer was sufficient to demonstrate that the transition time t 1/2 depends linearly on the total creatine pool [85] . The PCr concentration in the working steady-state during muscle exercise correlates negatively with the value of t 1/2 for O 2 -the lower the working [PCr], the longer the t 1/2 for O 2 [54] . However, there is no unique relationship between these parameters for different factors influencing the half-transition time, because the factors differently affect the resting [PCr] , and therefore there is no unique relationship between working [PCr] and absolute ΔPCr [54] . Figure 6 presents the t 1/2 -working [PCr] relationship for two factors affecting t 1/2 : mitochondria amount and parallel activation intensity.
Several studies have shown that a prior exercise performed a few minutes before the principal exercise accelerates the O 2 on-kinetics of the latter [31, 40] . We proposed that one of the reasons for this effect may be because [PCr] does not return to its resting value during the short period between the prior and the principal exercise (see the slow [PCr] off-kinetics in [76] ), and therefore the absolute ΔPCr for the principal exercise is smaller than for the prior exercise [54] .
Is the O 2 on-kinetics strictly exponential?
The main primary component of the O 2 on-kinetics is usually described by an exponential equation [17, 14] . Our computer simulations predict an increase of the oxygen consumption rate at the onset of exercise that has a near-exponential form (see Figs. 2-5 ). The only small deviation from the exponential shape appears during the first few seconds after the onset of exercise and is caused by a rapid increase in O 2 brought about by the direct parallel activation of oxidative phosphorylation (each-step activation). In experimental studies, this deviation may be 'masked' by the cardiodynamic component of the pulmonary O 2 on-kinetics [17] , by the delay phase of the O 2 on-kinetics at the muscle level [25] , and by the low time resolution of measurements. At the level of working muscle, a pronounced delay in the increase of O 2 measured across exercising human leg [22, 26] as well as in electrically stimulated dog muscle complex [25] was reported. On the other hand, the measurements of O 2 in the muscle at the side of O 2 exchange in the electrically stimulated rat spinotrapezius [85] and in single muscle fibers of the frog [86] show an immediate increase in muscle O 2 with no delay and with exponential course. However, as it was discussed above and in [50] , the parallel activation is probably absent in electrically stimulated, perfused/isolated glycolytic muscle, and therefore no initial deviation from the exponential time course of O 2 should be expected in this case. Furthermore, it is likely that the small deviation from the exponential course of the oxygen uptake during the first few seconds of exercise postulated by us at the mitochondrial level is not reflected (because of oxygen diffusion gradients) in the O 2 on-kinetics at the muscle level.
Therefore we postulate that the actual kinetics of the mitochondrial oxygen uptake at the onset of exercise in skeletal muscle under physiological conditions (neurally stimulated muscle in vivo) is exponential in most of its range, but not during the first few seconds after the onset of exercise. It is a well-known experimental fact that muscle training leads to an acceleration of the oxygen uptake kinetics at the onset of exercise [32] [33] [34] [35] . It has also been demonstrated that in some cardiopulmonary diseases, the transition time of the O 2 on-kinetics becomes relatively very long [20, 21] . Therefore it is widely accepted that the fast VO 2 on-kinetics in itself is profitable for the skeletal muscle functioning during exercise. For instance, a short transition time of O 2 at the onset of exercise diminishes the oxygen deficit (for review, see [87] ). However, the relevant question is whether a short t 1/2 for O 2 in itself improves the physical exercise capacity, or whether in some cases it only accompanies some kinetic properties of the system that are beneficial for muscle functioning during exercise. The relevant problem is that the value of t 1/2 and the oxygen deficit result from the biochemical properties of the system discussed in the present review. Therefore Certainly the increase in the mitochondria content and in the intensity of each-step activation induced by muscle training elevates the physical exercise capacity, since these factors increase the capacity of ATP supply by oxidative phosphorylation (related to the maximal O 2 ) and/ or improve the ATP/ADP homeostasis during rest-towork transition. On the other hand, the decrease in mitochondria content/activity and in the each-step activation intensity that may occur in some diseases, in hypothyroidism, for instance, and in mitochondrial diseases caused by inborn enzyme deficiencies [88] , significantly limits the exercise capacity in humans. Therefore the acceleration of the O 2 on-kinetics accompanying the increase in mitochondria content/activity and in the each-step activation intensity seems to be a positive indicator of a high-exercise capacity. Indeed, computer simulations demonstrated that a decrease in the amount/activity of cytochrome oxidase, for example (taking place in the case of inborn enzyme deficiencies), increases the half-transition time of the O 2 on-kinetics (theoretical results not shown).
Also, a decrease in the intensity of anaerobic glycolysis in the initial stage of exercise, causing an acceleration of the O 2 on-kinetics in skeletal muscle [83] , may be regarded as advantageous for the organism because it leads to a lower acidification of muscle cells and/or blood.
However, the situation is not so simple in the case of muscle oxygen concentration. A too-low oxygen concentration may be limiting for oxidative phosphorylation and lead to hypoxia, and therefore it is harmful for the system. On the other hand, a too-great [O 2 ] would cause an intensive free radical (oxygen-reactive species) production [89] . This is most probably why very moderate oxygen concentrations are encountered in most tissues [89] . Therefore in this case a short O 2 transition time accompanying high muscle oxygen concentration would be an indicator of a dangerous situation for the organism.
Another doubtful case is the O 2 transition time related to the total creatine pool [PCr + Cr]. Different total creatine pools have been measured in different muscles. However, both our theoretical predictions [54] and the experimental and theoretical studies performed by Meyer [84] demonstrate that a high [PCr + Cr] lengthens the O 2 transition time at the onset of exercise. Recently, Jones and co-workers [90] studied the effect of creatine supplementation on the pulmonary O 2 on-kinetics in humans. Despite the fact that the amplitude of the primary component of the O 2 kinetics after creatine supplementation was significantly reduced, no effect of creatine supplementation on the rate of O 2 uptake at the onset of exercise, expressed by τ 1 , was found. However, it is not clear if creatine supplementation actually increases the total creatine pool [PCr + Cr]. Generally, the fast oxygen uptake kinetics at the onset of exercise related to a low total creatine pool seems to be of no advantage.
Low CK activity very significantly lowers the halftransition time t 1/2 for O 2 and causes the increase in O 2 after the onset of exercise to be strongly nonexponential [54] (see Fig. 3 ). However, low creatine kinase activity would greatly impair the function of this enzyme, which serves as both an energy buffer (phosphate group in PCr) for ATP/ADP and a diffusion-facilitating system (CK shuttle). Therefore also in this case, a short half-transition time of O 2 seems to be associated with some kinetic property of the system that is harmful to the organism.
The proton leak through the inner mitochondrial membrane leads to oxidative substrate combustion and oxygen consumption not coupled with ATP synthesis. Therefore it decreases the phenomenological efficiency of oxidative phosphorylation (phenomenological ATP/O 2 ratio or P/O ratio) and leads to intensive heat production. On the other hand an increase of muscle temperature (by up to about 3-4°C, i.e., a physiological effect of a warming-up) increases muscle-power-generating capabilities and contributes to resistance to fatigue (for review, see [91] ). Therefore, in this perspective a proton leak may be profitable for skeletal muscle functioning during physical exercise. One may estimate, on the basis of the contribution of proton leak to oxygen consumption in skeletal muscle at rest (see [92] ), that its effect on the O 2 on-kinetics at moderate-and high-work intensities is rather minor, though this effect can be significant at low-work intensities.
A similar situation takes place in the case of the resting ATP usage by the basic processes (ion circulation, protein synthesis, and so on) keeping the cell alive. High resting ATP usage, correlated with short t 1/2 for O 2 [54] , means high energy and respiratory substrate expenditure and is not obviously profitable for the cell. It is also not obvious why an increase in the resting cytosolic pH in skeletal muscle, leading to an acceleration of the O 2 on-kinetics [54] , should be advantageous for muscle functioning during exercise. A too-high alkalinization of the cell would impair the function of several enzymes and disturb the whole metabolism.
One may address the question of whether different factors influencing the half-transition time of the oxygen uptake kinetics at the onset of exercise may be considered in separation. However, it seems useful to analyze the dissected effect of one factor when the intensity of other factors is kept constant. For instance, the O 2 on-kinetics would be very fast in the absence of PCr + Cr (or creatine kinase) because, as discussed above and elsewhere [84, 54] , an increase in the total [PCr + Cr] (or in CK activity) lengthens the half-transition time t 1/2 . However, the creatine kinase system (CK + PCr + Cr) is of course very useful as an energy buffer and as an ADP-diffusion-facilitating system (creatine shuttle). Therefore a high CK activity and total creatine pool were established as a result of an optimization taking place during the biological evolution, even though this led to an increase in the oxygen deficit at the onset of exercise.
Summing up, a short transition time of O 2 at the onset of exercise usually accompanies factors/mechanisms that are profitable for the muscle functioning during exercise, but it does not need to be advantageous in itself. Although the acceleration of the O 2 on-kinetics induced by some factors (an increase in mitochondria content/activity and in each-step activation intensity, and a decrease in glycolytic ATP production) would be profitable for muscle functioning during exercise, the decrease in the half-transition time of O 2 accompanying other factors (low total creatine pool, low creatine kinase activity, high proton leak, high resting ATP usage, high resting pH, very high muscle oxygen concentration) seems to be either of no profit or simply harmful to the organism. Strictly speaking, this is not the transition time itself, but the biochemical factors that determine it, that may be considered as beneficial or harmful.
Conclusions
The computer dynamic model of oxidative phosphorylation in intact skeletal muscle that we developed is able to predict many different kinetic properties of oxidative phosphorylation in skeletal muscle. In particular, it allows the analysis of different factors determining the oxygen uptake kinetics at the onset of exercise in skeletal muscle, including the value of the O 2 half-transition time t 1/2 . Computer simulations show that an increase in the total creatine pool [PCr + Cr] and in glycolytic ATP supply lengthens the half-transition time, but an increase in mitochondria content, in parallel activation of ATP supply and ATP usage during muscle contraction, in muscle oxygen concentration, in proton leak, in resting energy demand (the resting energy demand is not equivalent to the resting O 2 because some oxygen consumption [more than 50% at rest] is due to proton leak and not ATP usage [92] ), in resting cytosolic pH, and in initial alkalization diminishes this parameter. It is also shown that at a given ATP demand and under conditions where creatine kinase (CK) works near thermodynamic equilibrium, the half-transition time of the O 2 on-kinetics is determined by the absolute (in mM) amount of PCr that must be transformed into Cr during rest-to-work transition; therefore any factor that diminishes the absolute difference in [PCr] between rest and work (ΔPCr) at a given energy demand (and has no side effects) will accelerate the O 2 on-kinetics.
The extent of the direct activation of particular oxidative phosphorylation complexes during muscle work (each-step activation) seems to be (at least potentially) the most important factor determining the transition time of O 2 at the onset of exercise under physiological conditions. The mitochondria content/activity is probably the second most important factor, and the other factors influence the O 2 on-kinetics in skeletal muscle less significantly.
In the present article, we postulate that a short transition time of O 2 at the onset of exercise in itself does not need to be profitable for muscle functioning during exercise. Usually it may accompany some profitable factors, such as a high mitochondria content or high parallel activation (each-step activation). In some cases, however, a fast O 2 on-kinetics may indicate the presence of factors that are of no obvious profit or that are even harmful to the muscle cells, for instance, low total creatine pool [PCr + Cr] or low creatine kinase activity. Therefore it is not the half-transition time of O 2 in itself, but particular factors determining its value that should be considered as being profitable, neutral, or harmful.
We dedicate this work to the memory of the late Professor Jerzy Popinigis. 
